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Presented here are absolute measurements of the acoustic intensity scattered and absorbed by
humans. The total scattering and absorption cross sectigreydo, , were obtained for individual

humans walking randomly in a room, using long-duration acoustic reverberation. Within the audible
range, the sound scattering spectra of the human body is similar to that of a hard ellipsoid with same
volume(dimensions proportional to the mass to the one-third pbwéoreover, increasing amounts

of clothing have little effect on scattering while absorption is greatly increased20@!t American

Institute of Physics.[DOI: 10.1063/1.1644626

In ancient times, drapes were hung on the very reverberavity—leading to the measurement of the total scattering
ant castles walls to both decorate the rooms and to reduce tlreoss section¢)—even in the case whetds much larger
echoes. Since then, most everyone has experienced the vatitan the dimensions of the cavity. The use of a reverberant
ing degree of echoes in a room with a few or many humangavity makes it possible to measurg for a weak scatterer
inside, and also with or without furniture. Despite human’sbecause the scatterer is not encountered only once by the
longtime appreciation for the effects that objects have on thacoustic wave, but multiple times and from multiple direc-
sound field in a room, the absolute characterization of theitions due to reverberation in the cavity. DRAWS was applied
acoustic properties has been quite elusive. What is the effee fish for determining the number of fish in a tahkr the
of the human body on an acoustic field in the audible retotal scattering cross section of fisbr krill. ° The accuracy
gime? Is absorption or scattering dominant? We present heend precision of DRAWS in measuring; was demonstrated
the measurements of the acoustic scattering and absorpti@eiging standard metal sphelr’ea'n a tank filled with water.
cross section of a human body using reverberation in a roonHere, DRAWS is used to measure the scattering from the
These measurements are of interest in understanding am@iman body in the air. Also, absolute measurements of the
modeling the effects of humans on sound, for example in thebsorption cross sections{) of the human body, corre-
design of concert halls. sponding to the acoustic intensity absorbed by the human

The last 15 years have seen the development of multiplenody, are presented here using an extension of DRAWS. The
scattering imaging techniques such as diffusing wavescattering and absorption measurements are related to physi-
spectroscopy (DWS) for optical waves, diffusing acoustic cal and environmental parameters, such as the mass of the
wave spectroscopy (DAWS)—its counterpart for acoustic human and the amount of clothing they are wearing.
waves—or coda wave interferometfCWI), the coda being The experiments were conducted either in a squash court
defined as the scattered waves of a seismic field. Recentlwomme 125 m) or a former fallout sheltefvolume 31 nd)
DAWS has been extended to diffusing reverberant acoustify the audible range from 100 Hz to 3 kHEig. 1). The
wave spectroscofy(DRAWS) when multiple scattering is  reverberation timesT, ¢, defined as the times when the en-
combined with acoustic reverberation in a cavity. Indeedergy density dropped 60 dB after the source is shut
because of both scattering and reverberation, the late timgown2-24\were 5.21 and 2.38 s in the empty squash court
arrivals of acoustic echoes from scatterers in a cavity behavgng fallout shelter, respectively. An ensembleMfchirps
in a similar way as the late coda of a multiple scatteringe(t) were emitted in the room through a loudspeaker, and the
medium®’ While the purpose of CWI is to detect small reverheration time seriel (t) sensed on multiple micro-
changes in a medium using the strong multiscattered part Cﬁhones were recorded after a time compression progess,
the field, DRAWS aim is the characterization of one or MOr€ranging from 1 toM. One at a time, the humans walked

moving scatterers in a stationary reverberant cavity. The adr‘andomly in the room, while the positions of the loudspeaker
vantage of DRAWS versus classical DAWS is to enable theynq the microphones remained unchanged. Between two
measurement of the mean free patiof scatterers in the onsecutive ping andk+ 1, the contribution of the room
boundaries(walls, ceiling, and floor to the reverberation
dElectronic mail: stephane.conti@noaa.gov time seried,(t) andh,. 4(t) was constant, whereas the con-

0003-6951/2004/84(5)/819/3/$22.00 819 © 2004 American Institute of Physics
Downloaded 02 Feb 2004 to 137.110.142.182. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1644626

820 Appl. Phys. Lett., Vol. 84, No. 5, 2 February 2004 Conti et al.

human is present in the room. The exponential dece§(Of
provides an estimate of; in the frequency band of the
emitted signal.

The conventional technique to estimate the absorption of
sound by an object in a room is to compdig, for the room
with and without the objec?=*Then, the absorption coef-
ficient of the object is approximated using Sabine’s
formulal**® Here, we measured the absolutg by exploit-
ing the motion of the target in a reverberant room. This tech-
nique can be applied to inanimate objects by providing a
displacement! The absorption cross section of a human in
the room is estimated from the comparison of the incoherent
intensity S;(t) for the room with the human inside

[Si_humar(t)]a and the empty roorﬁsi_empt}‘t)]:

<S_humar(t)> CNo,
~ ex;{ —t . (2

(S _emp(D)) v

Here again, thé ) represent an average over the micro-
. phone positions. For measurement expediency, the emitted
Time (&) {eb signalse(t) were chosen to be long chirps with a wide band-
width. The experimental noise is reduced in the reverberation
FIG. 1. (Color) The experimental setup consists of a loudspeaker and foutjme series via time compression between the received and
microphones on stands placed inside a reverberant room. The signals acquj ; ; i
sition is performed from two external soundcatslirol UA-5) driven by a Wansmltt'ed SlgnaIS. Then, valueg @f' and (,Té} can be esti
laptop. (a), (b) Part of the acoustic field in the reverberant room has beenMated either over the full bandwidth proyld!ng average val-
either scattered by the human perggreen ray or by the room interfaces  ues, or for narrower frequency bands within the full band-

only (blue ray. (c), (d) From shotk to k+ 1, motion of the person leads to yidth using band pass filtering, leading to the speotyéf )
changes in the reverberated fidlgd signals (e) The acoustic field scat- anda,(f)
all).

tered by the human bodfred curvg—leading to the measurement of its
scattering cross section—is obtained from the ratio of the cohdbdume Thus, o1 and o, were measured between 1 and 2 kHz

curve to the incoherent intensitigreen curve For the measurements, en- for 27 people including children and adults. The childrens’
sembles ofM =75 chirpse(t) were emitted and recorded using a 10 kHz gnd adults’ ages, masses and heights ranged from 3 to 55
sampling rate, with a 0.1 Hz repetition rate. The empty room was charac- ' ' .
terized using ensembles & =10 chirps at the same repetition rate. The years old, 17'_7 t0 95.5 kg, and 1'92 to_ 1.95m, re_spectlvely.
reverberation time series were recorded at multiple locations to average tHe@Ch human is modeled as an ellipsoid of revolution whose
sound field speckle. small radius is a characteristic lengttand the height of the

ellipsoid isL=«a a. Knowing that the volume of the ellip-

tribution due to the human moving in the room was uncor-S0id is defined as)=M/p=2maa®3, it follows:
related from ping-to-ping. As expected, the average signal 3 M \13

over the pinggcoherent field decreases faster because the a=|_— —| |, 3)
acoustic echoes due to the scattering from the human body 27 ap

vanish when averaged over many pulse repetitions. Thus, gnhere M is the human mass and is the density of the
comparison of the coherent intensftyL/M) =L 1h(t) 1IN hyman body. For humans, reasonable valuesnasd 1 and

the room with the incoherent intensity S(t) ;910 kg 3. Using this model, the characteristic length
=(1M)2, 1 hi(t) provides an estimate afy for each hu-  gepends on the human mass only, irrespective of its height.
man in the room. However, the coherent intensity of the laterne acoustic measurements show a linear relationship be-
coda may be very sensitive to small fluctuations in the meywyeen ¢, and the characteristic length squared(Fig. 2).

dium (e.g., variant temperatur€ during theM time-series  The average cross section of the human body seen from all
acquisition sequence. A more robust alternative is to use thgossible incidence angles is then proportionaVit®. As the
average cross producg(t) = (LM) =L thi(t)hyia(t), be- 27 humans were wearing similar amounts of clothiag,is
cause the medium changes are negligible between two Sugeaker thano; and also seems to be proportional to the

CeSSiVe pingS. ) . ) ) . body Surface‘
xVhen the cavity is uniformly filled with soundc The dependence of the total scattering cross-section with
>V*?), de Rosny and Rolhdemonstrated that frequencyor(ka) was estimated for six humans from 100

S.(1) c cNoy Hz to 3 kHz, wherek=2=f/c. The humans’ ages, masses

S(t)= < X0 > ~exp{ —t l—) ~exp< -t v | (1)  and heights ranged from 3 to 24 years old, 17.7 to 66 kg, and
1.02 to 1.8 m, respectively. The spectra were rescaled with

wherec is the sound speed in the diris the acoustic mean the high frequency scattering limik;., for the ellipsoids

free path,N is the number of humans in the rooivi,is the  corresponding to each humé&tThe spectrar(ka)/ o .. are

volume of the room, and) represents the average over the consistent for all six humar(&ig. 3), even if some variations

microphone positions. The last part of Ed) is valid in the  between the spectra can be observed due to shape differences

case of a diluted mediutfi’ which is the case when one between the humans. The average empirical scattering spec-
Downloaded 02 Feb 2004 to 137.110.142.182. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. Total scattering cross sectiop and absorption cross section for
FIG. 2. Total scattering cross sectiog and absorption cross sectieg for ~ ©Ne human wearing different amounts of clothiig. is constant with the
27 humans, measured from 1 to 2 kHz, vs the characteristic leagth Increasing amount of clothing, whereag increases significantly.
squaredo; and o, increase linearly witta?, but o, is weaker tharvy . . .
In conclusion, we have demonstrated that the scattering

o . of sound from the human body is solely described by the
trum for humans is similar to the spectrum for a hard ellip- 555 of the human, while the absorption is largely dominated
soid (Fig. 3). For a hard ellipsoidor(ka)~or. whenX  py the amount and type of clothing. That is, the human body
<2ma, whereor.. is the maximum total scattering Cross geatters sound, but does not significantly absorb sound be-
section for the ellipsoid. Therefore, scattering from a humangse it behaves as a rigid scatterer filled with water: the
in air can be compared to that of an ellipsoid having equivagygnyerse is generally true for clothing. The influences of a

lent radiusa and lengthL = a a=11a. human on the sound field in a room can be compared to that

As already showriFig. 2), o, does not change signifi- o 5 hard ellipsoid with the same volume, and a length to
cantly with the different humans wearing similar clothing. ,4ius ratio of 11. and densify=910 kg n 3, wrapped in a
The effects of clothing ooy and o, were characterized weakly scattering layer of absorbing material.

through a sequence of 18 measurements on a single human

(66 kg, 1.8 m, 24 years oldvearing different amounts of The authors would like to thank W. A. Kuperman for his
clothing. Garments ranged from underwear to multiple layersupport in this experiment, Larry Robertson of SWFSC, and
of winter clothing and pieces of foam. The results of thisthe RIMAC Center staff from UCSD for allowing them to
experiment(Fig. 4 show thato; does not change signifi- conduct these experiments in the fallout shelter and the
cantly with the amount of clothing on the human, whereassquash court, respectively. The authors would also like to
o, increases dramatically with the amount of clothing, start-thank the 27 people who graciously participated in these ex-
ing at a negligible value of 3.1¢ m? for the human in  periments.
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